Understanding rates and patterns of ribosomal RNA (rRNA) nucleotide change is important for understanding RNA structure/function relationships ( Brimacombe et al. 1986; Stem et al. 1988) , for predicting higher-order rRNA tertiary and RNAprotein interactions (Zuker and Stiegler 198 1; Freier et al. 1986 ), for studies of rRNA molecular evolution (Gerbi 1985; Gutell et al. 1985; Rousset et al. 1991) , and for accurate phylogenetic analysis based on rRNA primary sequences (Wheeler and Honeycutt 1988; Smith 1989) . rRNA secondary structure is highly conserved across widely divergent taxa, despite considerable variation at the primary-sequence level (Gerbi 1985; Gutell et al. 1985; Engberg et al. 1990 ). Within a particular rRNA gene, variation in the rate of primary-sequence evolution exists, with single-stranded loops evolving more rapidly than do presumed double-stranded stems (Tanhauser 1985) . This result is expected if the complementary base for a particular stem position exerts some constraint on the allowable evolution in its opposite, paired member. Such constraint has been demonstrated for the 5s rRNA gene, where evolution in the stem regions is highly directed (Wheeler and Honeycutt 1988) .
Constraint on the evolutionary freedom of rRNA stem positions may be assessed by investigating the degree to which changes in one nucleotide of a stem base pair are compensated in the other member of the base pair (Wheeler and Honeycutt 1988) . In addition, characterizing persistent mispairings may provide some insights into selective pressures on rRNA molecules. Here we present such an investigation for the 12s rRNA genes of the mitochondrial DNA (mtDNA) from an assortment of artiodactyls. This order of eutherian mammals has a diversity of extant and fossil species, thereby presenting a series of relatively well-dated cladogenetic events covering a large time range and several hierarchical taxonomic levels (Miyamoto et al., accepted) .
The tree topology and times of divergence used to study the evolution of artiodactyl 12s rRNAs are shown in figure 1. The topology for bovines (Miyamoto et al. 1989) , cervids (Miyamoto et al. 1990) ) and higher-level pecoran relationships (Simpson 1945; Janis and Scott 1987; Gentry and Hooker 1988 ) is based only on unambiguously well-diagnosed lineages. Dates of hypothetical common ancestors are those justified previously by Miyamoto et al. (accepted) . The sequences themselves are from previous studies (Anderson et al. 1982; Tanhauser 1985; Miyamoto et al. 1990; Kraus and Miyamoto 199 1) .
Fifty-one stems were identified by using the secondary-structure model of Gutell et al. ( 1985) , except that eight pairs of stems, separated by a single base pair in that model, were each joined together to form eight composite stems, for a total of 43 stems. Twenty-nine of these stems contained 79 pairs of nucleotides that were variable in at least one taxon. We optimized these 79 nucleotide pairs on the tree of figure 1 by using the computer program PAUP [ Phylogenetic Analysis Using Parsimony, ver- sion 2.4.1 (Swofford 1985 ) ] , calculated the number of mismatched nucleotide pairs for each ancestral node, and then determined the number of times that these mismatches had been compensated by the next node in the tree. Nucleotide changes that could not be unambiguously assigned to the tree were optimized using the probability procedure of Fitch ( 197 1)) as implemented with his computer package ANCESTOR.
In this way, rates of compensating change [(compensations/ ancestral mismatched pair/Myr) X 1001 were calculated for successive descendant and/or terminal taxa. Mutations in single-stranded loops were next optimized to the accepted artiodactyl phylogeny by PAUP and ANCESTOR. Rates of sequence evolution for loops were calculated from the optimized branch lengths, as [(mutations/ total loop positions/ Myr) X 1001. These estimates for single-stranded regions served as the basis to evaluate the rates of compensation.
Rates of compensating change along branches were O.O%-4.7% compensations/ mismatched pair/Myr, with an average f 1 standard error of 1.1% + 0.3% compensations/mismatched pair/Myr ( fig. 1) . For loop regions, rates of sequence evolution per branch were 0.2%-l .4% mutations/loop position/Myr, with a mean f 1 standard error of 0.5% f 0.1% changes/loop position/Myr. Thus, the average rate for compensations is more than twice that for single-stranded loops. More important, rates for compensating change exceeded those for loop regions, on a branch by branch basis, 12 of 17 times (with one tie for Cewus unicolor; fig. 1 ), which is significant when their absolute differences are considered (Wilcoxon signed rank test; T = 4 1, P < 0.05 ) .
These results support the hypothesis that change within stems of 12s rRNA does not comply with the expectations of the neutral theory of molecular evolution, a finding previously obtained for 5s rRNA genes (Wheeler and Honeycutt 1988) . As there is no reason to presume that these bases have increased mutation rates, these apparent increases in rates of change presumably result from selection pressure to conserve functionally important interactions in the intact molecule.
Though the average rate of compensating change is high, compensation need not occur immediately and, in many cases, is delayed >45 Myr (e.g., see fig. 1 ). Such b Counts arc based on the assumption of random single substitutions, starting from A-U and G-C canonical pairs. These values are calcidated from the relative probabilities of deriving each class of mispairings in a single step from each of the two canonical pairings and then standardizing by the relative frequencies of A-U and G-C pairs observed in the stems of artiodactyl 12s rRNAs (52.2% and 47.8%, respectively).
mispairings are not randomly distributed; G-U and A-C bonds occur at frequencies greater than expected under a model of random change (table 1) . A similar pattern is apparent in those mispairings that are unambiguously >30 Myr old, except that a deficiency of C-C, C-U, G-G, and U-U mispairings develops with time (G-test of independence; G = 9.74, df = 4 with C-C, C-U, G-G, and U-U classes combined, P < 0.05). The preponderance of G-U mismatching may be explained by the low free energy of this bond (Aboul-ela et al. 1985) , which often causes it to be viewed as a "neutral," stable, and acceptable configuration, though noncanonical (Erdman et al. 1985) . However, the high frequency of uncompensated A-C bonds seen here, together with the high free energy of this bond (Freier et al. 1986) , suggests that some of the emphasis on free energy in constructing secondary-structure models (Zuker and Stiegler 198 1; Freier et al. 1986 ) may be misplaced. Instead, the high frequency of A-C and G-U mismatches observed by us seems to reflect the high frequency of transitions over transversions that is characteristic of the entire mitochondrial genome (Brown et al. 1982; Aquadro and Greenberg 1983) .
There is no tendency for persistent mispairing to occur either in the larger-size classes of stems (Spearman rank correlation of stem size vs. frequency of mispairing; r = 0.23, P > 0.20) or in the centers of stems rather than in the ends (G-test of independence with Yates's correction, middle/end pairs vs. frequency of mispairings; Gadj = 2.54, df = 1, P > 0.10). Thus, factors of free energy of mispairs, stem length, and position within stems are not correlated with mispairings. The location and compositional class of persistent mispairing may be better explained by selective pressures involving tertiary structure-such as specific conformational changes necessary for single-stranded RNA-RNA interactions and protein-RNA binding-than by secondary-structure constraints.
